We present an experimental and theoretical analysis of the influence of a surface nanopattern on the properties of embedded InAs/GaAs quantum dots (QD). In particular, we analyze QDs grown on nanoimprint lithography (NIL) patterned grooves and investigate the influence of the non-planar surface morphology on the size, shape, strain distribution, and electronic structure of the embedded QDs. We show that the height reduction of InAs QDs during GaAs capping is significantly less pronounced for the QDs grown on the pattern than for the self-assembled QDs. Furthermore, the pattern has a strong impact on the strain and composition profile within the QD. The experimentally observed strain distribution was successfully reproduced with a three-dimensional model assuming an inverse-cone type composition gradient. Moreover, we show that the specific morphology of the QDs grown in the grooves gives rise to an increase of the vertically polarized photoluminescence emission which was explained by employing 8-band k.p calculations. Our findings emphasize that the surface curvature of the pattern not only determines the nucleation sites of the QDs but also has a strong impact on their morphological properties including shape, size, composition profile, and strain distribution. These properties are strongly cross-correlated and determine the electronic and optical characteristics of the QDs. V C 2013 AIP Publishing LLC.
Impact of the non-planar morphology of pre-patterned substrates on the structural and electronic properties of embedded site-controlled InAs quantum dots
I. INTRODUCTION
The ability to deterministically position InAs quantum dots (QDs) at the moment of nucleation is instrumental for practical approaches to implement future quantum optical devices, such as single- 1 and entangled-photon sources. 2 The deterministic positioning of InAs QDs can be achieved by the so-called site-controlled growth, where the QDs nucleate in pits or grooves defined by various lithography methods, such as nanoimprint lithography (NIL), [3] [4] [5] E-beam lithography, [6] [7] [8] focused ion beam implantation, 9 interference lithography, 10 or atomic force microscopy lithography. 11 The accumulation of indium adatoms on the lithographically defined locations is driven by local gradients in the surface chemical potential due to surface curvature, strain, as well as the orientation dependent surface free energy. 12, 13 However, the patterned surface may influence the shape, composition, and elastic strain fields of the QD and thus determine its electronic structure. Although detailed structural studies on uncapped QDs grown on a patterned surface have already been carried out, [14] [15] [16] the influence of the patterned surface on the morphology and chemical properties of embedded QDs is still largely unknown. Yet a thorough understanding of its impact is essential for site-controlled QDs applications, for example, entangled-photon emitters, where polarization-independent emission and minimal fine structure splitting are required. 17 In this paper, we report on the correlation between the microstructure and the carrier localization of InAs QDs grown by molecular beam epitaxy (MBE) on NIL patterned grooves. The properties of the QDs grown on the pattern are compared to those of self-assembled InAs QDs (SAQD), both types of QDs exhibiting a similar density and size before capping. The influence of the pattern on the morphology of the embedded QDs is investigated by means of a statistical transmission electron microscopy (TEM) analysis. Furthermore, the analysis of high-resolution (HR) TEM micrographs allows mapping the elastic strain distribution in QDs formed both on the pattern and on a planar surface. The observed experimental strain distribution is compared with predictions from a three-dimensional continuum elasticity based model solved using finite-element method (FEM). Our investigations reveal significant structural differences between the site-controlled QDs and the SAQDs. These structural differences are reflected in the electronic properties of the QDs, which are studied by polarization-resolved photoluminescence (PL) experiments and are supported by a quantum mechanical model. By combining the experimental and theoretical results, we are able to get deep understanding of the influence of the groove pattern on the main properties of site-controlled embedded QDs.
The paper is organized as follows. Section II describes the experimental details including the growth of the structures. In Sec. III we present the experimental and computational results in the following order: analysis of the QD morphology by TEM in Sec. III A, polarization-resolved PL measurements in Sec. III B, strain analysis from HRTEM and strain simulations in Sec. III C, and 8-band k.p calculations of the electronic properties in Sec. III D. Finally, we present the discussion and the conclusion in Secs. IV and V, respectively.
II. EXPERIMENTAL DETAILS
Two InAs/GaAs QD structures were grown by MBE on GaAs(100). The first structure, QD1, consists of InAs quantum dots regrown on ultraviolet (UV) NIL 3-5,18-21 patterned [01 1]-oriented grooves. Detailed descriptions of the UV-NIL patterning process and chemical surface preparation prior to the regrowth can be found in Refs. 3 and 4. The UV-NIL patterned grooves were overgrown by a 60 nm GaAs buffer at 490 C. The QDs were grown on the buffer by depositing 2.2 monolayers of InAs at 515 C. The capping of the QDs was performed in two steps. The first 20 nm of GaAs was deposited on the QDs immediately after the QD growth at 515 C. Then the temperature was elevated to 590 C for the growth of 50 nm GaAs layer, 50 nm AlGaAs carrier confinement layer, and 10 nm GaAs cap. The growth rates for GaAs, InAs, and AlGaAs were 0.6 lm/h, 0.05 lm/h, and 1.2 lm/h, respectively. The second structure, QD2, consists of selfassembled InAs QDs grown on planar GaAs(100) under identical conditions as QD1. The detailed layer structure of both QD1 and QD2 is schematically shown in Fig. 1 . Additional samples with uncapped QDs were prepared for atomic force microscopy (AFM) analysis of the QD heights, which revealed that the QD density is around 1.4 Â 10 cm
À2
and average height 12 nm both for the QDs grown on the pattern and for the SAQDs grown on the planar surface. It should be noted that at lower growth temperatures the density of QDs in [01 1]-oriented grooves is limited by anisotropic In adatom migration. On the other hand, if the sample temperature is increased up to 525 C for the QD growth, the facets that form the groove sidewalls change from (611)A to low surface energy (411)A facets. This gives rise to InAs accumulation on the groove sidewalls, which reduces QD density in the grooves. 18 The influences of the anisotropic In migration and facetted pattern make the situation different compared to InAs deposition on shallow pit patterns, where typically QD density and/or size are larger than on planar area due to the increase of nucleation rate arising from the local surface curvature. 22 TEM investigations were carried out using a Jeol JEM 3010 microscope operating at 300 kV, equipped with a GATAN slow-scan charge-coupled device camera. Crosssectional TEM foils were prepared in the [011] and [01 1] projections, using mechanical thinning followed by Ar-ion milling. The optical characterization of the QD structures was performed by polarization-resolved cleaved-edge PL measurements that were carried out in a closed-loop Hecryostat cooled down to 10 K. The PL measurement configuration is schematically illustrated in Fig. 1 . The sample was excited by the 405 nm line of a GaN diode laser. The excitation beam was focused on the top surface of the sample with a f ¼ 200 mm lens (L1). The PL signal emitted through the cleaved (01 1) facet was collected with a f ¼ 150 mm lens (L2). The collection angle of the PL light was narrowed down to approximately 10 with an adjustable aperture (A) in order to prevent collection of light emitted through the top surface of the sample. The intensities of the [100]-oriented transverse magnetic (TM) and [011]-oriented transverse electric (TE) polarization components of the PL emission were measured using a rotatable half-wave plate (WP) and a fixed linear polarizer (POL) that were placed before the entrance slit of a monochromator, as shown in Fig. 1 . Finally, the PL intensity was detected with a Peltier-cooled InGaAs photodiode.
III. RESULTS

A. Quantum dot morphology
The insets in Figs average size and density of the QDs is similar on planar and on patterned surfaces. However, the QDs grown on the patterned surface align as a chain in the bottom of the groove. A detailed structural analysis of uncapped QDs on groove patterned GaAs is presented in Ref. 18 . The average QD height, determined from a large number of uncapped QDs, is 12 nm for both QD1 and QD2. It is known that the height of the InAs QDs is significantly reduced when they are capped with GaAs (Ref. 23) ; thus, the height of embedded QDs is dictated not only by their initial height but also by the capping process.
The main panels in Fig. 2 show dark field TEM (DFTEM) micrographs of the capped samples QD1 and QD2. The DFTEM micrographs were taken using twobeam g ¼ (200) imaging conditions. Since g 200 DFTEM is sensitive to the chemical composition for semiconductors with zinc blende structure, it provides a reliable determination of the QDs dimensions and morphology. Due to the chemical sensitivity of the g 200 DFTEM imaging conditions, the interface QD/capped layer is clearly identified since the high In content in the QD produces a well-defined and strong change in the intensity contrast at the interface: in In(Ga)As the (200) reflection intensity in kinematic approximation shows a parabolic dependence with the In content with a minimum located in the range between 15% and 20% of In. 24, 25 The intensity associated to the QDs studied here, containing about [In] ¼ 90 to 100%, must therefore pass through a minimum at the interfaces where the concentration gradually drops down to zero, giving rise to the dark contrast at the interface and thus allowing the clear identification of the interface position and the QD height. Due to this dependence of I 200 on the chemical composition, the use of cross-section g 200 DFTEM is highly recommended for reliable QDs size and shape determination. 26 Fig. 2(a) ], i.e., along the groove orientation, reveals that (i) the wetting layer (WL) has covered the whole corrugated surface and (ii) the QDs nucleated in the grooves of the pattern. When QD1 is viewed along the [011] zone axis [ Fig. 2(b) ] we observe a chain of QDs formed in a groove and a projection of the WL that covers the corrugated surface. A truncated pyramidal QD shape with a slight elongation along the [01 1] direction is observed both for QD1 [ Fig. 2(b) ] and QD2 [ Fig. 2(c)] . A truncated pyramidal cross-section can be associated to several different three-dimensional QD shapes, such as truncated pyramids with square base oriented along either h001i [28] [29] [30] or h011i directions, 29, 31 where the h001i and h011i oriented pyramids are composed of {110} and {111} facetted sidewalls, respectively. There are also several reports of truncated pyramids with octagonal bases, [32] [33] [34] which are composed of a combination of {110} and {111} facets. A detailed evaluation of about 40 QDs per sample indicated that the QDs in both QD1 and QD2 are truncated pyramids bound by (100) top facets and inclined side facets. The existence of both {110} and {111} side facets was observed in both samples, but a statistical evaluation of the facet angles revealed that the steeper {111} planes are the predominant facets in QD1 while shallower {110} planes are the predominant facets in QD2.
The DFTEM micrographs reveal also other differences in the morphology of QD1 and QD2. While QD2 [ Fig. 2(c) ] has a flat bottom, we find that the shape of the groove determines the shape of the lower part of QD1 [ Fig. 2(a) ]. In particular, we observe that the bottom of QD1 replicates the groove morphology, i.e., it is flat only in a reduced area at the center and curves on the sides towards the groove sidewalls. The dotted line in Fig. 2 (a) represents an AFM crosssection of the groove profile before QD growth and GaAs capping. The AFM cross-section is taken from Fig. 3 which shows the groove profile before and after InAs deposition. By comparing the AFM cross-sections in Fig. 3 as well as the TEM picture and the dotted line in Fig. 2 (a) we observe that neither InAs deposition nor GaAs capping influences the groove morphology. Furthermore, it is obvious from As these values indicate, AR is significantly larger for QD1 than for QD2, and the difference originates predominantly from the difference in the QD height. Since the height of the QDs before capping was found to be the same (12 nm) for both QD1 and QD2, the difference of the aspect ratios between the QDs grown on the nanopattern and on the planar surface seems to appear during the capping process.
The difference in the aspect ratios of QD1 and QD2 is expected to have a significant impact on their optical properties, as will be discussed in Sec. III B. In particular, the aspect ratio, in conjunction with the compressive strain, determines the polarization of edge-emitted PL from InAs/GaAs SAQDs. 35 Typically the TE polarization dominates over the TM polarization due to the small aspect ratio (AR < 1) and compressive strain state of the InAs/GaAs SAQDs, but the relative intensity of the TM polarization with respect to the TE polarization can be enhanced by increasing the AR. 36, 37 The magnitude of the TM polarized PL emission is particularly important, for example, for coupling QDs to surface plasmons in a metal film or nanostructure. 38 
B. Photoluminescence polarization
The cleaved-edge PL spectra shown in Figs. 4(a) and 4(b) were measured from the (01 1) facets of QD1 and QD2 as illustrated in Fig. 1 . As shown in Figs. 4(a) and 4(b), the PL spectra of both samples show two peaks corresponding to the recombination of electrons and holes in the ground state and in the first excited state, respectively. The position of the ground state peak is 1.12 eV for both QD1 and QD2. Gaussian peaks were fitted to each spectrum in order to obtain the integrated intensities of the ground state peaks I TM and I TE for TM and TE polarizations, respectively. The polarization anisotropy of the PL emission was then determined by the degree of polarization DOP ¼ (I TM À I TE )/(I TM þ I TE ) Â 100%. According to the definition of DOP, positive (negative) values indicate TM (TE) polarized emission and DOP ¼ 0 un-polarized emission. By using the intensities obtained from the Gaussian fits we get DOP ¼ À19% for QD1 and DOP ¼ À59% for QD2. The polarization anisotropy of QD2 is in agreement with previous observations on InAs/GaAs SAQDs with a similar AR.
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The nearly un-polarized emission observed for QD1, however, cannot be explained merely by the higher AR since, as deduced from its morphology, the carrier confinement in QD1 should be predominantly in the vertical direction. On the other hand, the QD aspect ratio is not the only factor that determines the polarization anisotropy. Other factors, like the strain state, may play an important role as well. Thus, in Subsections III C-III D we will concentrate on the influence of the groove patterned surface on the strain and composition distribution in the QDs as well as on their impact on the carrier confinement.
C. Strain
Strain distribution based on HRTEM
The HRTEM micrographs shown in Figs. 5(a) and 5(c) reveal that both QD1 and QD2 grow coherently strained on top of the GaAs prepatterned and planar surfaces, respectively. The coherent strain in the InAs QDs produces a tetragonal distortion of the cubic unit cells that can directly be assessed from the HRTEM images. The thickness of the specimen for HRTEM is 10-50 nm, and hence only one QD is present in most of the HRTEM images. Some HRTEM micrographs reveal signatures of two overlapped QDs. These images, however, were excluded from the strain analysis. In our case, we use the LADIA program package 39 to evaluate the strain distribution. In short, this method is based on the local measurements of the lattice spacing in HRTEM micrographs, where the intensity maxima are identified related to the positions of atomic columns. The positions of these maxima are determined with respect to a reference lattice on the same micrograph, which in our case is the GaAs matrix. The tetragonal lattice distortion of the layer is then the derivative of the displacement between the atomic positions and the reference lattice. 40 Figures 5(b) and 5(d) display the out-of-plane (e zz ¼ e ? ) strain distributions in QD1 and in QD2, derived from the HRTEM micrographs in Figs. 5(a) and 5(c), respectively. The out-of-plane strain is given by
where a ? is the out-of-plane lattice constant and a GaAs is the GaAs lattice parameter. The strain maps in Fig. 5 evidence not only the morphological differences between QD1 and QD2 (in particular, the different h and AR) but also reveal the significant differences in their strain distributions. In QD2, grown on the planar surface, the maximum e ? localizes at the center of the QD with e ?(max) around 12.2%. These features are in agreement with previous works on the strain field of InAs SAQDs. 41, 42 On the other hand, unlike QD2, the maximum strain at QD1 localizes at the very top part of the QD and amounts to the lower value of about 10.7%. The examination of QD1 along both [01 1] and [011] zone axes yields the same result, and, in particular, it confirms this specific strain distribution where the maximum strain value localizes at the upper part of the QD.
Strain model
The strain distribution in a QD depends on both the composition and the shape of the QD. In order to get a further insight into our experimentally observed different strain distributions in QD1 and QD2, we compare our results with theoretical predictions from continuum mechanical strain simulations. Figure 6 illustrates the QD and WL geometries of QD1 and QD2. The models are constructed based on the DFTEM data. We assume that both QD1 and QD2 are square based truncated pyramids and exclude the lateral elongation for the sake of simplicity. As discussed above, QD1 is bound by (100) top facets and {111} facetted sidewalls while the sidewalls of QD2 are formed by {110} planes and the top by (100) facet. The QD sizes that we use as input parameters for the strain calculations are extracted from the DFTEM statistics. 18 as schematically plot in Fig. 6 . The matrix around the QDs is assumed to be pure GaAs.
In order to investigate the influence of the QD morphology on the strain distribution, we first assume that both QDs (i.e., QD1 and QD2) consist of pure InAs material. Later we will incorporate a more realistic composition profile into the model. The QD-WL structures shown in Fig. 6 were embedded in a 80 Â 80 Â 80 nm 3 GaAs matrix, which defined the perimeters of the computational cell. The lattice mismatch between the InAs QD and the GaAs matrix was introduced by pseudo-thermal expansion of the QD. 43 The anisotropy of the elastic properties of GaAs and In(Ga)As crystals was also taken into account in the model. The elastic strain tensor was solved by minimizing the elastic strain energy in 3D by FEM. 44 Figures 7(a) and 7(b) present 2D cross-sections of e ? for QD1 and QD2, respectively. The 3D shape of the QD allows elastic strain relaxation which is most pronounced in the upper corners of both QD1 and QD2 as well as in the curved bottom of QD1. As shown in Figs. 7(a) and 7(b), both QD1 and QD2 exhibit an area of uniform high e ? value in the middle section of the QD. According to the model, the maximum values of e ? in QD1 and QD2 are 10.9% and 11.7%, respectively. These values are in remarkable agreement with the data extracted from the experimental strain maps shown in Figs. 5(b) and 5(d) (cf., Sec. III C 1). Moreover, an advantage of solving the complete strain tensor is that we can investigate also the magnitude of other strain components, such as (i) the shear strain e shear ¼ e Fig. 7(c) ] the e shear distribution of QD1 adopts an hourglass shape due to the additional elastic strain relaxation provided by the curved geometry of the lower part of QD1. Such hourglass distribution is observed neither in QD2 [ Fig. 7(d) ] nor in [011] cross-section of QD1 (not shown). In the case of compressive strain, it is known that e shear lifts up the heavy hole band and pulls down the light hole band. 45, 46 Therefore, the distribution of e shear is expected to influence the localization of heavy holes within the QD. In particular, in comparison to QD2, the shear strain distribution of QD1 may provide an additional lateral hole confinement along the [011] direction. On the other hand, according to the strain model, the distribution of e hydro (not shown) is very uniform within both QD1 and QD2. The value of e hydro is À8.9% in QD1 and À8.0% in QD2, which would cause a larger strain-induced bandgap widening in QD1 than in QD2.
As we have mentioned already, the main difference in the morphology of QD1 and QD2 concerns the aspect ratio and the shape at the lower part of the QD. In comparison to QD2, the geometry of QD1 provides a more pronounced elastic strain relaxation which results in a smaller e ? and in a larger magnitude of e hydro , as well as in a more rapid decay of e shear towards the lateral sides of the QD. In order to evaluate the relative contributions of AR and of the geometry of the bottom of the QD to the strain field, additional simulations were performed for a QD with the same truncated pyramidal shape as QD1 in Fig. 6 , but on a planar WL (not shown). This geometry, referred to as QD3, has the same AR as QD1, but has a planar bottom like QD2. By comparing the simulation results from these three different QD geometries, we can conclude that 80% of the difference in e ? and e hydro between QD1 and QD2 arises from the aspect ratio and 20% from the shape of the bottom of the QD. Interestingly, we find that the waist-shape e shear distribution in the center of QD1 originates from the peculiar shape at the bottom of QD1, which depends on the groove morphology.
The previous strain calculations, which were performed assuming a uniform InAs composition for the QDs, show that the experimentally observed differences in the maximum value of e ? between QD1 and QD2 can be accounted for by their different morphologies. However, simulations assuming QDs with a uniform composition (i.e., InAs) do not reproduce the low value of e ? observed in the bottom part of QD1 [cf., Fig. 5(b) ]. Thus, in the following, we will refine our model by introducing a more realistic composition profile for QD1.
Since the experimentally observed strain profile in QD1 [cf., Fig. 5(b) ] strongly resembles observations on In 0.5 Ga 0.5 As/GaAs QDs where an inverse-cone type composition profile was proposed, 42, 47 we incorporate a graded In composition profile of the inverse-cone type in our strain calculations, as illustrated in Figs the center of the QD and an inverse-cone type gradient towards the bottom corners where the In composition x In is approximately 0.5. Figures 8(c) and 8(d) show the simulated e ? distribution maps for QD1 and QD2 obtained from strain simulations assuming the composition profiles in Figs. 8(a) and 8(b), respectively. As observed, the introduction of the graded composition profile for QD1 [ Fig. 8(c) ] yields to an excellent agreement both qualitatively and quantitatively between the predicted and the experimental strain maps [cf., Fig. 5(b) ]: the model predicts a maximum e ? value of about 10.1% in the upper part of the QD whereas e ? reduces towards the bottom of QD1. Regarding QD2, as shown in Fig. 8(d) , the graded composition profile produces a vertical strain gradient which, however, is not observed in the experimental strain maps [cf., Fig. 5(d) ]. In this case, the uniform In composition model [ Fig. 7(b) ] yields a better agreement with the experimental strain distribution [ Fig. 5(d) ] than the inverse-cone type graded composition profile.
Finally, Figure 9 shows the e shear and e hydro distributions calculated for QD1 assuming the inverse-cone composition grading. As shown in Fig. 9(a) , the 2D e shear distribution in the [01 1] cross-section of QD1 exhibits an hourglass shape similar to what was observed for the uniform composition model in Fig. 7(c) due to the lateral e shear anisotropy caused by the asymmetric shape of the bottom of the QD. Figure  9 (b) shows line profiles of e shear along the lateral [01 1] and [011] directions, which demonstrate the existence of the lateral e shear anisotropy also in QD1 having the inverse-cone composition grading. In particular, the e shear anisotropy is observed at a distance of approximately 5-8 nm from the center of QD1 at the locations indicated by the arrows in Fig.  9(b) . As shown in Fig. 9(c) , the distribution of e hydro in QD1 with graded composition strongly resembles the composition distribution in Fig. 8(a) : The magnitude of e hydro is largest in the center of QD1, and it decreases towards the lower corners. The maximum value of e hydro in Fig. 9(c) is À9.0%, which is similar to the value obtained assuming the uniform composition model (e hydro ¼ À8.9%). Contrary to e shear , no lateral anisotropy of e hydro is observed for QD1 with graded composition as shown in Fig. 9(d) .
D. Electron and hole states
The impact of the structural differences between QD1 and QD2 on the carrier localization is investigated by solving Schr€ odinger equation and evaluating the electron and hole wave functions and eigenenergies assuming the QD geometries shown in Fig. 6 . From the simulated and experimental strain profiles presented in Sec. III C, we assume that QD1 has an inverse-cone type composition gradient as shown in Fig. 8(a) while QD2 consists of pure InAs. The WL is excluded from the quantum mechanical model for the sake of simplicity. The electron and hole ground state wave functions (W e and W h ) and the energies (E e and E h ) in QD1 and QD2 are solved in 3D with an 8-band k.p model using the nextnano 3 simulation package. 48, 49 Strain and piezoelectricity are included in the model. Figures 10(a) and 10(b) show the simulated confinement potentials as well as the electron and hole ground states in QD1 with an inverse-cone composition gradient and QD2 composed of pure InAs material, respectively. In both QD1 [ Fig. 10(a) ] and QD2 [ Fig. 10(b) ], the hole ground states lie very close to the heavy hole valence band edge while the electron ground state in QD1 is located closer to the conduction band edge than in QD2 due to the larger h value in QD1. Moreover, the band gap is larger in QD1 than in QD2 due to the larger hydrostatic strain in QD1. It should be also noted that although both electrons and holes in QD1 are confined around the In-rich center, the tails of their wave functions extend to the In-poor sides of the QD where the band gap is larger. This effect slightly lifts the electron states and lowers the hole states compared with the case of QD1 with a uniform In composition (simulation not shown). Consequently, the energy separation between the electron and hole ground states DE ¼ E e -E h is similar for both QD1 and QD2, regardless of the fact that the former has a significantly larger height. In other words, the effects of the difference in the QD height are compensated by the contributions arising from the difference in the hydrostatic strain as well as in the composition. This prediction in fact explains the very similar experimental PL peak energies observed in Fig. 4 for QD1 and QD2, despite their different morphology and composition profile. Figure 11 shows lateral cross-sections of the valence band edge in QD1 which illustrates the influence of the lateral e shear anisotropy on the hole confinement. As shown in Fig. 11(a) It should be noted that this is the same location where the lateral e shear anisotropy was observed in Fig. 9(b) . Generally speaking, the heavy hole band is influenced by both e shear and e hydro (Refs. 45 and 46) as well as by the composition profile. The composition gradient used in our model, however, is laterally symmetric; thus, the anisotropy in the heavy hole band edge is caused by an asymmetry in either e shear or e hydro . Hence, we evaluate the contributions of e shear and e hydro on the heavy hole band anisotropy by looking at the split-off band edge [ Fig. 11(b) ] which is influenced by e hydro but not by e shear . 45, 46 It is obvious from Fig. 11(b) that the split-off band edge has only a marginal anisotropy between the [011] and [01 1] directions, which is in agreement with the fact that no lateral anisotropy of e hydro was observed in Fig. 9(d) . Therefore, the anisotropy of the heavy hole band edge originates predominantly from the lateral anisotropy of e shear (cf., Sec. III C). Figure 12 shows the probability densities of the ground state electrons and holes calculated for QD1 with the inverse-cone composition gradient and for QD2 composed of pure InAs material. We consider the QDs geometries shown in Fig. 6 . We immediately observe that the vertical size of both electron and hole orbitals is larger in QD1 than in QD2 due to the larger value of h in QD1. Moreover, we find that the inverse-cone composition gradient provides an additional lateral carrier confinement in QD1. Note that the anisotropy of both electron and hole orbitals between the vertical [100] direction and the lateral [011] direction is significantly smaller in QD1 than in QD2. Furthermore, the lateral anisotropy of the heavy hole band edge in QD1 [cf., Fig. 11 
IV. DISCUSSION
In Sec. III we have shown that despite their similar size before capping, QD1 and QD2 exhibit several structural differences: (i) After capping, the dots in QD1 are taller than in QD2, (ii) the shape of the bottom of QD1 is determined by the groove morphology, and (iii) QD1 exhibits an inversecone type graded composition profile whereas QD2 is best described assuming a uniform composition. Furthermore, QD1 loses 31% of its pristine height during the capping process while the height of QD2 is reduced by 54%. Therefore, it is obvious that the patterned surface has a significant effect on the evolution of the QD morphology during the capping process. The reduction of QD height occurs due to the outdiffusion of In atoms from the top of the QD during the deposition of the first monolayers of the GaAs capping layer. 23 This process is driven by the minimization of the elastic energy and of the surface energy. For site-controlled SiGe/Si QDs, it has been shown that the elastic energy before capping is reduced due to the elastic strain relaxation provided by the non-planar shape of the bottom of the QD on the surface pattern. 16 InAs/GaAs QDs grown on the groove pattern are expected to exhibit a similar elastic strain relaxation before capping due to their specific morphology at the bottom. Thus, owing to the fact that QDs on the patterned surface have already undergone a first elastic relaxation process, the reduction of elastic energy by the dissolution of the top of the QD during the capping process is expected to be less pronounced than in QDs grown on a planar surface. Hence the structural difference (i) is caused by (ii), i.e., the fact that the QDs in QD1 are taller after capping than the QDs in QD2 is a consequence of the non-planar bottom in QD1. On the other hand, once the QDs are fully covered with GaAs, the elastic energy stored in QD1 is expected to be larger than in QD2 because QD1 has a larger volume than QD2. Therefore, QD1 would be more susceptible to undergo strain-driven group III intermixing than QD2. 50 This hypothesis is supported by our experimental observation that QDs grown on a groove pattern intermix more rapidly in postgrowth thermal annealing experiments than similar SAQDs grown on a planar surface. 19 Furthermore, it has been shown for the SiGe/Si material system that an increased AR increases the tendency for intermixing at the bottom corners of the QDs, 51 inducing the formation of a composition gradient similar to that in Fig. 8(a) . Such dependency between the AR and intermixing is highly probable also for the InAs/GaAs QDs considering the similarities of the SiGe/Si and InAs/GaAs material systems. 52, 53 Thus, process (iii) is a consequence of (i).
From strain simulations, we know that both the specific shape of QD1 as well as the inverse-cone type composition profile have a significant influence on the elastic strain distribution. Compared to QD2 grown on a planar surface, QD1 has a lower out-of-plane strain e ? , a larger magnitude of the hydrostatic strain e hydro , and exhibits a pronounced lateral anisotropy in the shear strain e shear . It is known that the shear strain causes the splitting of the heavy hole and light hole bands. Furthermore, the confinement of holes is sensitive to the shear strain distribution in the QD, which is strongly affected by the non-planar shape of the bottom of the QD and, hence, by the pattern morphology. In the case of QD1 grown in a groove, we find that the lateral asymmetry of the pattern causes an asymmetry of the hole orbital along the groove direction. In Refs. 3 and 18 we showed that the in-plane optical anisotropy of QDs grown in grooves with different orientations is a combined effect of two components. The first one is the polarization caused by the QD shape elongation which is along the along the [01 1] direction regardless of the orientation of the groove. As discussed in In Refs. 3 and 18, the second source of in-plane anisotropy causes polarization along the groove direction. Such anisotropy could be caused, for example, by quantum mechanical dot-to-dot coupling along the groove, but in the light of the current evidence, the most probable cause for this second source of polarization is the lateral hole orbital asymmetry discussed above.
Finally, we would like to discuss one of the main practical results of this investigation, which is the influence of the patterned surface on the TM-TE polarization of the QDs. As shown in Fig. 4 and discussed in Sec. III B, QD2 exhibits a TE-dominant PL emission that is typical for flat-bottom compressively strained InAs QDs while the relative intensity of the TM polarized emission is significantly stronger for QD1. This can be partly explained by the different aspect ratios of QD1 and QD2, but in order to fully understand this effect, we have to consider also the influence of the composition gradient as well as the asymmetry of the shear strain distribution in QD1 due to the shape of the bottom of the QD. As shown in Fig. 12 , both electrons and holes in QD1 are confined in the In-rich center of the inverse-cone gradient profile, which provides an additional lateral carrier confinement compared to a similar structure with uniform composition. The influence of the composition gradient is especially evident on the electron orbital which in the case of a uniform composition would occupy the complete volume of the QD, as it does in QD2 (cf., Fig. 12 ). Consequently, both electron and hole orbitals in QD1 are more symmetric than the actual QD shape. Furthermore, it should be taken into account that due to the asymmetric shear strain distribution in QD1, the holes experience a stronger lateral confinement along the [011] direction (perpendicular to the groove) than along the [01 1] direction (parallel to the groove). All these factors influence the ratio of TM and TE polarizations emitted along the [01 1] direction. By including the experimentally observed shapes of QD1 and QD2 as well as the composition gradient in QD1 in the calculation of the DOP, we obtain an excellent agreement with the experimental PL results.
V. CONCLUSION
We have shown that the growth on a groove patterned surface has a strong impact on the morphology of sitecontrolled InAs QDs. In particular, the embedded QDs grown on the pattern have an inverse-cone type composition gradient, and they are larger in height than the reference selfassembled QDs grown on a planar surface although their dimensions before capping are similar. Furthermore, we find that the groove determines the shape of the bottom of the QDs which further influences the elastic strain distribution within the QDs. As we have shown, these morphological differences are reflected in the electronic and optical properties of the QDs. In particular, we report on a significant increase of the vertically (TM) polarized PL emission in the QDs grown on the pattern, compared to those grown on the planar surface. The experimentally observed polarization anisotropies are well reproduced with an 8-band k.p model assuming the QD morphologies deduced from the structural analysis. By combining experiment and calculations we demonstrate that a nanopattern has a heavy influence on the morphology of the QDs, mainly aspect ratio, strain profile, composition profile. These properties are strongly cross-correlated, and they all influence the electronic and optical characteristics of the QDs. The consequence of our findings is two-fold: (i) The morphology of the pattern has to be carefully considered in order to avoid unwanted optical anisotropies, but (ii) the morphology of the pattern can also be used as a design parameter for obtaining QDs with properties that are precisely suitable for a given application. 
